Circular dichroism studies show that the RNA of turnip rosette virus (TRosV), both within the particles and free in solution, has considerable base pairing. The protein of TRosV is characterized by a relatively high proportion of/?-structure and low proportion of a-helix. Swelling of the virus particles by raising the pH and removing divalent cations causes slight changes in the conformation of the RNA and some changes in the protein conformation.
INTRODUCTION
The particles of turnip rosette virus (TRosV) are isometric and probably consist of I8o identical protein subunits (mol. wt. 3I 30o) surrounding a single nucleic acid species of about 1.4 × IO ° (Hull, I977a; R. Hull, unpublished observations) . The virus particles appear to be held together by three types of bond, one involving divalent cations, one being pH dependent and one a salt link between protein and RNA (Hull, I977b ) . If either the pH of the virus suspension is raised above neutrality, or the divalent cations are removed at acid pH, the virus particles remain salt stable. However, when the divalent cations are chelated at alkaline pH values the particles swell and, being held together by just the protein-RNA links, become salt labile. Recently, Hull (i978) has shown that calcium is the divalent cation involved.
Circular dichroism (CD) has been used to study the conformation of coat proteins and nucleic acids of viruses with isometric particles in only a few cases (e.g. Schubert, I969; Isenberg et al. 197I; Boulanger & Loucheux, i972; Incardona et al. I973; Piazzolla et al. I977) .
In this paper we describe observations on the conformation of TRosV particles and of protein subunits and RNA in the presence and absence of divalent cations at both acid and alkaline pH.
METHODS
TRosV was purified from Brassica rapa cv. Snowball plants, which had been infected for 12 to 20 days, using the method of Hull (I977 b) modified in that 0.2 M-sodium acetate buffer, pH 5"0, was used in the initial blending, o't M-acetate buffer, pH 5"0, was used to resuspend pellets and the ascorbic acid, K2HPO 4 and acidification to pH 4"8 were omitted.
To prepare coat protein subunits and RNA, the virus was precipitated using polyethylene glycol 6ooo, the precipitate was collected by centrifugation (8ooo rev/min, io min, (Table I) Sorval SS34 rotor) and resuspended in o.oi M-tris, 0-I M-NaC1, pH 8"25 (TN buffer). Na EDTA (pH 8"25) was added to give IO mM and the virus kept at room temperature for 3 ° min. Then an equal vol. of4M-LiC1 (pH 8.25) was added and the solutionplaced at -20 °C for 16 h. After thawing, the precipitated RNA was collected by centrifugation (8o00 rev/min, IO min, Sorval SS34 rotor), washed twice in 2 M-LiC1, resuspended in TN buffer, precipitated using 2"5 vol. ethanol, resuspended in TN buffer, and dialysed as required.
The protein-containing supernatant after adding LiC1 was dialysed extensively against o.oi i-tris, I'o M-NaC1, pH 8"25, and then dialysed as required. The LiC1 method gives protein and RNA with u.v. absorption spectra indicating that they are reasonably well separated (R. Hull, in preparation). t Baker & Isenberg (1976) method employing an integration range of 2Ol to 243 nm. c¢ = c~-helix, fl =/7-structure, R --random or remainder structure. :~ From CD spectra of virus after subtracting contribution due to RNA.
Samples of virus and nucleic acid were dialysed against four buffer systems: (a) o.oI Msodium acetate, o-I M-NaC1, Io mM-CaC12, pH 5"0, (pH 5+Ca2+); (b) o.oI M-sodium acetate, o. I M-NaC1, pH 5"o (pH 5-Ca2+); (c) TN buffer + Io mu-CaC12 (pH 8"25 + Ca 2÷); (d) TN buffer (pH 8"25-Ca2+), Samples of protein were dialysed against the same buffer but using I.O M-NaC1 to prevent observable protein precipitation. Dialyses were performed at 4 °C using four to six changes of buffer (each IOO to 5oo times the vol. of the sample) over a period of 48 to 72 h. Circular dichroism (CD) spectra were measured on a Cary 6I dichrograph calibrated with D-camphor-Io-sulphonic acid in accordance with the instrument manual. Virus and RNA were used at A2~0 = I and protein at A~80 = I. The pathlength of the cells was varied according to the wavelength being measured. A mean residue weight of 1 I3 was used to calculate the mean residue ellipticity of the protein. In the analysis of the spectra, integration was performed by Simpson's rule at 3 nm intervals over the range 2oi to 243 nm using an I.C.L I9o 3 computer.
RESULTS

CD spectra of coat protein
The CD spectra of TRosV coat protein subunits at pH 5.0 and 8-25 in the presence and absence of lO mM-CaC12 are shown in Fig. I . It was not possible to measure the spectra of coat protein subunits with any reliability below 200 nm because of the I.o M-NaC1 necessary to prevent observable protein precipitation. Small Cotton effects ([0] ~< 5 o°) were observed between 250 to 30o nm. These could possibly be associated with near u.v. transitions of the aromatic amino acids; however they were not examined in detail. All the spectra exhibit only negative ellipticity and share the common features of a negative maximum at 200 to 2o2 nm and shoulder at 215 to 218 nm. The pH 5 spectra also have an additional pronounced shoulder at 230 nm.
The short wavelength of the maximum suggests that the protein has a low helical content and a substantial amount of random or remainder structure; the 215 to 218 nm shoulder indicates some fl-sheet structure. The percentage of the a-helical, fl-sheet and remainder structures (Table I) using reference spectra derived from proteins of known structure (Chen et al. I974) . This method has recently been shown to be equivalent to an unconstrained least squares fitting procedure (Hammonds, I977) . A comparison of the measured and calculated spectra in Fig. I shows that the position and ellipticity of the maxima are fairly well reproduced, whereas the other features are fitted less well. The results of this analysis (Table I) show that in all but one case the calculated totals depart significantly from Ioo %; this has also been found for several proteins by the originators of the method and will be discussed later in this paper. The c~-helix content, which is probably the most reliable parameter estimated by this method, is in moderate agreement with that calculated from the ellipticity at 2o8 nm by the method of Greenfield & Fasman 0969; Table I ). In general the protein is characterized by a low s-helix content and a high proportion of remainder structure. It is evident from the spectra in Fig. I that changing either pH or calcium concentration perturbs the spectrum. The analysis (Table I) shows that the most substantial change accompanying the removal of calcium is the halving of the fl-structure content; this occurs at both pH values. Change in pH does not produce a consistent change in the proportions of any of the structural components but raising the pH is seen to eliminate the shoulder at 230 nm by increasing the negative ellipticity at this wavelength.
CD spectra of RNA
The CD spectrum of isolated TRosV RNA at pH 5 in the presence of calcium is shown in & Goodman, I975). The CD spectra of the virus (Fig. 2 and 3) can be seen to be dominated by the RNA contribution (20 % by weight) in the 25o to 3oo nm region and by the protein contribution at shorter wavelength, I95 to 225 nm.
In particles in the fully stable configuration (pH 5 + Ca2+) [ Fig. 2 and 3 (a) ] the intensity of the maximum of the RNA is nearly equal to that of free RNA, reflecting the small protein contribution, but the maximum is shifted by about 2 nm to the red. This probably indicates a small loss of base pairing (Gratzer & Richards, I970 on incorporation into the virion. Changing pH or removal of calcium does not cause any shift in the wavelength of the RNA maximum (Fig. 3) but removal of calcium does cause a reduction (about io%) in the specific eUipticity at the maximum; this effect is slightly more marked at pH 8"25 than at pH 5. Thus, on the removal of calcium there is some reduction in the order (basestacking; Brahms et al. I967) of the RNA but not in the base-pairing.
The similarity of the long wavelength spectra of the RNA in solution and in the virus validates the subtraction of the small RNA contribution in the I9o to 24o nm region to obtain the CD spectrum of the coat protein in the intact virus. The resulting spectra (Fig. 4) resemble those of the protein subunits shown in Fig. L but there is more variation in the position of the negative maximum (20o to 2o6 nm) and its ellipticity. Furthermore the 215 to 218 nm shoulder is not so prominent except at pH 5+Ca 2+ but the 230 nm shoulder is present as a pronounced negative minimum under all conditions except pH 8"2 5 --Ca 2+. The analysis of the spectra by the Baker & Isenberg 0976) method again gives totals which differ significantly from lOO % ( Table I ). The estimate for the a-helical content (Greenfield & Fasman, x969) shows the poorest agreement with the integral method for the pH 8"25-Ca 2+ spectrum. This spectrum, obtained under conditions where the virus is swollen (Hull, i977 b) has the negative maximum at the longest wavelength observed (206 nm); it shows the poorest visual fit with the calculated spectra. The reason for these spectral perturbations is not known.
DISCUSSION
The CD spectrum of the particles of TRosV in their most stable configuration shows properties which resemble those found by CD and other methods for several other viruses with isometric particles. The RNA in the virion has much secondary structure (basepairing), as has the RNA of brome mosaic virus (Incardona et al. 1973) , chicory yellow mottle virus (CYMV; Piazzolla et aL I977), bacteriophage U2 (Isenberg et aL 1971) and bacteriophage MS2 (Thomas et aL 1976) . Considerable base-pairing has also been suggested (Schlessinger, I96O) from hyperchromicity data of southern bean mosaic virus which is in the same virus group as TRosV (Hull, 1977a ) . CYMV is similar to TRosV in that its RNA shows a small degree of base unpairing which may facilitate protein-RNA interactions on incorporation into the virion (Piazzolla et aL 1977) . Base-paired secondary structure of the RNA is not found in rod-shaped viruses such as tobacco mosaic virus (Tikchonenko, ~969) and potato virus X (Homer & Goodman, 1975) . The protein in TRosV virions has a relatively low proportion of~-helix and a moderately high proportion of fl-structure. Other viruses with isometric particles also have proteins with low proportions of c~-helix and moderate to high proportions of fl-structure (Isenberg et aL 1971; Thomas et aL r976; Turano et aL 1976; Piazzolla et al. 1977) . In contrast, measurements on the proteins of viruses with rod-shaped particles indicate they have a relatively high proportion of c~-helix and low proportion of fl-structure (Schubert, 1969; Homer & Goodman, I975; Thomas & Murphy, 1975) ; the filamentous phage ft is an extreme example with approximately IOO % helix in the protein subunits (Marvin & Wachtel, 1975) . It is interesting to speculate that these differences in proportions of basic structures might, in some way, be associated with the different shapes of the protein subunit needed to form rod-shaped or isometric particles.
The removal of calcium from TRosV is characterized by some reduction in the base stacking of the RNA, such a change was not found in free RNA. The reduction in base stacking was greater at pH 8"25, under which conditions the virus particles became swollen. However, it is surprising that swelling of the virus particles, which involves an increase in hydrodynamic diam. of more than IO%, affects the CD spectrum of the RNA to such a limited extent. This suggests that although the RNA has considerable base pairing, there is enough flexibility in the remaining unpaired strands of RNA to allow the particles to expand.
The data on the protein are more difficult to interpret mainly because of the difficulties in obtaining good spectra on isolated protein subunits and in evaluating the results. This is a problem common to all analyses of the CD of proteins. Whereas the CD spectra of the c~-helix as measured for polyamino acids and calculated from protein spectra are in reasonable agreement, there is greater divergence for the fl-and unordered structures. This is probably because there is more variability in the latter structures in proteins (Chen et al. 1974; Brahms et al. 1977) .
Even though the CD spectra of TRosV protein were taken in high salt conditions, which in itself presented difficulties, it is still uncertain that aggregation of the subunits did not occur during the experiments. Among the reproducible features were the reduction in the proportion of p-structure on removal of calcium from free protein subunits, but this was not nearly so marked in the protein within the virions; also protein within the virions appears to have less a-helix than isolated protein subunits. A further feature of the protein spectra is the positive shoulder at 23o nm. This feature resembles one reported by Piazzolla et al. (I977) for CYMV and was interpreted as arising from the side chain of a tyrosine residue. Although this is a perfectly feasible assignment the shoulder is rather well reproduced by the calculated spectrum in Fig. 4(c) , suggesting that it could originate from the peptide backbone itself. However the shoulder is ultimately assigned, Fig. I shows that in the protein subunits the ellipticity at 230 nm is a reflection of a conformational change associated with hydrogen ions but not calcium ion binding. In contrast, the changes in this feature in the protein moiety of the virus particles (Fig. 3) only occur under swelling conditions (pH 8.25-Ca2+); this suggests that the incorporation of protein subunits into virus particles partially locks their conformations.
